Abstract. -Within the framework of the projection theory of collective motion, a microscopic description of the rotational energy with band-mixing is formulated using a method based on an inverse power perturbation expansion in a quantity related to the expectation value of the operator Jy2. The reliability of the present formulation is discussed in relation to the difference between the individual wave functions obtained from the variational equations which are established before and after projection. In addition to the various familiar quantities which appear in the phenomenological energy formula, such as the moment of inertia parameter, the decoupling factor and the band-mixing matrix element for |0394K| = 1, other unfamiliar quantities having the factors with peculiar phases, (-1)J+1 J(J + 1), (-1)J+3/2(J -1/2) (J + 1/2) (J + 3/2), (-1)J+1/2(J + 1/2) J(J + 1), (-1)J J(J + 1) (J -1) (J + 2) and [J(J + 1)]2 are obtained. The band-mixing term for |0394K| = 2 is also new. All these quantities are expressed in terms of two-body interactions and expectation values of the operator Jym, where m is an integer, within the framework of particle-hole formalism. The difference between the moment of inertia of an even-even and a neighbouring even-odd nucleus, as well as the effect of band-mixing on the moment of inertia are studied. All results are put into the forms so as to facilitate comparisons with the corresponding phenomenological terms and also for further application.
Microscopic description of rotational spectra including band-mixing. I Abstract. - Within the framework of the projection theory of collective motion, a microscopic description of the rotational energy with band-mixing is formulated using a method based on an inverse power perturbation expansion in a quantity related to the expectation value of the operator Jy2. The reliability of the present formulation is discussed in relation to the difference between the individual wave functions obtained from the variational equations which are established before and after projection. In addition to the various familiar quantities which appear in the phenomenological energy formula, such as the moment of inertia parameter, the decoupling factor and the band-mixing matrix element for |0394K| = 1, other unfamiliar quantities having the factors with peculiar phases, (-1)J+1 J(J + 1), (-1)J+3/2(J -1/2) (J + 1/2) (J + 3/2), (-1)J+1/2(J + 1/2) J(J + 1), (-1)J J(J + 1) (J -1) (J + 2) and [J(J + 1)]2 are obtained. The band-mixing term for |0394K| = 2 is also new. All these quantities are expressed in terms of two-body interactions and expectation values of the operator Jym, where m is an integer, within the framework of particle-hole formalism. The difference between the moment of inertia of an even-even and a neighbouring even-odd nucleus, as well as the effect of band-mixing on the moment of inertia are studied. All results are put into the forms so as to facilitate comparisons with the corresponding phenomenological terms and also for further application. 1 . Introduction. - The purpose of the present paper is to present a general microscopic description of rotational bands and their mutual coupling for strongly deformed nuclei within the framework of the projection method. While the results are not all new, the present approach, which is neither a technical method of numerical calculation nor a sophisticated formal theory, provides in a systematic way a tentative microscopic interpretation of the phenomenological model description of the rotational energy and band-coupling.
The Peierls-Yoccoz theory [1] [2] [3] [12] and Zeh [13] have then shown that, when the variational principle is properly applied so as to minimize the energy of the projected wave function, the total mass for the centre of mass motion comes out correctly. The formulation from the variational procedure after projection leads, however, to very complicated equations and the relevant approximate way of handling this approach has been fully discussed by Kamlah [14] , Beck, Ring, Islam and Mang [15] , Onishi [16] and Villars and Schmeing-Rogerson [17] . If one confines oneself only to numerical calculations of the rotational problem, the variation of intrinsic functions after projection can be performed without difficulty provided that the model space is not so large. Thus, it has been shown that the numerical calculations in this line yielded much improved wave functions for mildly deformed nuclei [18] . It is noted that the high spin states have also been studied [19] in the framework of the microscopic variational approach. For highly deformed nuclei, however, it does not appear to matter much whether one performs the variation before or after projection [20] [12] that as long as one keeps the constraint of unique generating function having K = 0, the PeierlsYoccoz moment of inertia is valid. However if one takes into consideration band-mixing with K = 1, this will be modified. Therefore, when the value of T is small enough, which is the case for well deformed nuclei such as the sd-shell nuclei, it would be enough to consider only the lowest order or at most up to first order expansions.
The overlap integrals in the projection theory are generally small for nuclei of sizable deformation, except in the region of Euler angle B = 0 and also in the vicinity of B = n. It thus turns out that the expansion of the integrands in both overlap and energy integrals in powers of fl yields [3] in first order in p2, the energy spectrum formula analogous to the energy formula of the Bohr-Mottelson model [22] . A simple way of investigating the two band-mixing in the projection method has already been discussed, for example, by Verhaar [23] and by Gunye and Warke [8] . They have both employed the method of writing the K-mixed wave function as a sum of two K-pure Peierls-Yoccoz projected wave functions with mixing amplitudes. The latter authors used HartreeFock projected wave functions, whereas the former author contented himself with a pure formal approach based on both the possibility of partially expanding the overlap and energy integrals in powers of B and using the single-particle approximation. Petry [24] has also investigated the two-band coupling problem within the framework of the Peierls-Yoccoz theory, but this study considered [4] have shown that the matrix element in equation (1) (6) and (7), use was made of the definition of the time- By referring to the properties of the operators Jy with m = 0, 1, ..., some important selection rules can be established from equations (6) and (7). We see thus were
The Wigner rotation matrices dj and dkK,(j3' = 1t -fl) can also be expanded in powers of x = t P and x = fl', respectively, using the relations, dkK,(j3) = (- An important fact is that the coefficients aKK± follow the similar selection rules to those for aKK' and EKKt.
3. Perturbation expansion in inverse powers of X. -The fact that the quantity X is large can be ensure the convergence of perturbative series, provided that the expansion could be performed in inverse powers of X. When we substitute the various results of expansions we have made so far, into the overlap and energy integrals, we see immediately that the only factor which contains X is the exponential function exp( -Xx2) and that the power of x in the integrals is odd. Indeed, the integration of the overlap integral over fl can be transformed into the integration over the variable x, and we get where with s = 2 '(q + r), which are integers because q and r are both even or both odd. Since the quantity X is sufficiently large, the main contribution comes from the first few terms of the summation on the right hand side of equation (14), whether p + s is small or large. In view of this fact, the overlap integral NKx, can now be written in inverse powers of X as -with These matrices nKK, can in turn be described in terms of known matrix elements by means of the relations (6), (12) and (13) .
The argument used for deriving the result (16) can equally be employed for the energy integral in order to expand it in inverse powers of X. Thus
The matrices hKK, have the same forms as those of nKK,, except for ai.K' which are to be replaced by EKx-, and these matrices can be subsequently expressed in terms of known matrix elements by means of the formulas (7), (12) and (13 (19) . When substitutions of equations (16) and (18) are made into equations (20) , we may finally expand the energy matrix [JC] (16), (17) and (18) In what follows, the intrinsic state I nK &#x3E; will be considered to be a self-consistent solutions of the Hamiltonian of strongly deformed nuclei in an axially symmetry field. It is desired that the I nK &#x3E; is at least the first order solutions of equation (42) . When the self-consistent basis stands only for the solutions from the ordinary Hartree-Fock equation, then the formulation below has to be regarded in the restricted sense.
The zero order energy in equation (22) (25), for which we use the notation Ej/)+ in accordance with the meaning of the sign ( + ), is now where the prime on the summation denotes that (n'K') :0 (nK). The above form of the expression appears throughout the present theory and we therefore treat it with several specific assumptions about the intrinsic state I nK &#x3E;. Because (44) give no contributions to E(1)+ a) Even-even nuclei, -An interesting case is when nK &#x3E; represents the vacuum with K = 0. The allowed intermediate states n' K' &#x3E; are then either oneparticle one-hole states or two-particle two-hole states. But, the one-particle one-hole states give no contribution, since the matrix elements of the Hamiltonian between the vacuum and one-particle onehole states vanish in the present approximation. intrinsic state I nK &#x3E; may be, for example, an excited band such as one-particle one-hole state or twoparticle two-hole state. In the former case, we can also express Ej/&#x3E; + in terms of V and Jy and this is performed in Appendix G where we have also shown in figure 6 the diagramatic representation for the oneparticle one-hole case.
b) Even-odd nuclei. -A simple form for the intrinsic state [ nK ) for an even-odd nucleus is the oneparticle state a' 0 ), generated out of the neighbouring even-even nucleus core. The allowed intermediate states then consist of one-particle states, two-particle one hole states and three-particle two-hole states. Of these the one-particle states which should be different from the one-particle state of I nK ) cannot contribute to E1/)+ in the present approximation.
The contributions from the two-particle one-hole states and from the three-particle two-hole states yield These four terms are represented by figure 2. The first term, illustrated in figure 2a is nothing but the contribution from the core. As will be seen later, the inertia parameter of an even-even nucleus is directly related by the first term of equation (53) and it thus implies that the next three terms can be interpreted as correction to this parameter, arising from the change from the even-even nucleus to the even-odd nucleus. This point will be discussed again in the next section. The second part of equation (25) , which we shall denote E(K)-, can be evaluated in the same manner as in derivation of equation (53), except that the intermediate three-particle two-hole states are not allowed because of the one-body operator character of Jy.
We have thus
The interaction matrix element Vpa,pk is shown in figure 3 . In deriving this result, we have used the timereversed state Fig. 3. -The diagram representation of Ell) -for the oneparticle state, I nK &#x3E; = ap+ 0 ).
The energy E(K) -is related to the decoupling parameter.
5.1.3 Decoupling parameter.
By analogy with the phenomenological energy formula in which the decoupling parameter, a, appears, with a = -t I J + I -t), we can express the corresponding decoupling parameter in the present formalism. This can be accomplished by combining the first order energy correction £11)-of equation (54) and the term containing the factor J(J + 1) -K 2 in the second order energy correction. Thus This microscopic decoupling parameter is to be compared also with the calculation performed within the formalism of the approximate projection method [26] . when we assume that the two-body interaction part in the denominator has approximately equal magnitude to that of the numerator, equation (56) is roughly proportional to -2 ( iJy), which is the phenomenological result for the decoupling parameter. In accordance with the phenomenological model the factor multiplying J(J + 1) is generally interpreted as the moment of inertia factor. It has been shown [ 15] that the self-consistent moment of inertia of Thouless and Valatin [31] reduces under certain conditions to the moment of inertia of equation (57). There exist various ways of obtaining expressions similar to equation (57). For example, it has been shown that the Yoccoz formula of the moment of inertia follows also from the classical statistical mechanics [27] .
For even-even nuclei, the moment of inertia parameter for the ground state band can be expressed as where use has been made of the result (52). The modification to equation (58) has been proposed in a number of different ways [28, 31] in which additional assumptions have been made for the intrinsic states. The discussion on the relationship between equa, tion (58) and the Inglis formula [29] is very useful.
Hu [30] and also Rouhaninejad and Yoccoz [12] (63) where we have assumed that nl Ki &#x3E; 10), nl Kl, &#x3E; = a' b' 10) and I n, -K,) = ap b' 0 ). In the above expression, the terms with the phase (-I)J+ 1 are for Ki + K, 4 . The intrinsic state I ni Ki &#x3E; may also be one-particle one-hole or two-particle two-hole states of the excited bands. In Appendix H we show the one-particle one-hole case for both Kl , and I n, K, & # x 3 E ; .
In equation (39) figure 5 . One essential difference between the formula (64) and the phenomenological band-mixing term with a Coriolis force [32] is that the moment of inertia does not appear as a constant multiplier in the microscopic expression but is distributed over the expression (64) and so is able to take into account the change of the ground band and the excited band with K = 2. The K = 2 band may be represented by one-particle one-hole or two-particle two-hole states for even-even nuclei and one-particle states for the simple case of even-odd nuclei.
For I ni Ki &#x3E; 0 &#x3E; and I n, K, = 2 ) = a+ b+ I 0 &#x3E; of even-even nuclei, we have from equation ( The interaction factor V,,,O,ik has already been illustrated in figure 1 . It has been shown [27] 
